Abstract. The success of herd fertility involves the development of healthy follicles, viable oocytes and embryos capable of establishing and maintaining a pregnancy. Herein we discuss how nutrition interacts with reproduction throughout follicle development and pregnancy establishment, focusing on dry matter and energy intake. High feed intake, especially associated with moderate to high body condition, before and through superstimulation protocols, natural or induced single-ovulations or before ovum pick-up has detrimental effects on the quality of oocytes or embryos. Feed restriction or high energy supply can be used strategically to obtain either more or better quality oocytes or embryos. Altering diets that provide different concentrations of circulating insulin may improve ovarian status, oocyte quality, embryo development and pregnancy establishment and maintenance. Some sources of fat can positively affect reproductive performance, such as polyunsaturated fatty acids, improving embryo quality and pregnancy. In contrast, fat supplementation in the diet may compromise embryo cryotolerance. Finally, nutrition can alter concentrations of circulating or intrafollicular hormones and metabolites and the expression of genes in cattle oocytes and embryos. For an adequate feeding program to benefit reproductive performance, factors such as genetic group, source of energy, metabolic status, physiological status and level of feed intake must be taken into account.
Introduction
Nutrition is capable of altering metabolites and hormones that are highly correlated with reproductive performance. For example, insulin, and insulin-like growth factor (IGF) 1 are directly involved in the functioning of the hypothalamicpituitary-gonadal axis. Both, insulin and IGF1 are controlled by nutritional status and level of dry mater (DM) intake, which can also affect steroid metabolism and, consequently, oocyte quality and embryo development. Several studies have clearly demonstrated the effects of nutrition on reproductive physiology or fertility of female ruminants (Vasconcelos et al. 2003; Wu et al. 2004; Wiltbank et al. 2006; Grummer et al. 2010; Rabiee et al. 2010; Santos et al. 2010; Cardoso et al. 2013) . Reproduction can be affected by dietary ingredients, level of feed intake, duration of overfeeding, the number of meals per day, or the amount consumed at each meal through molecular, metabolic, physiological or endocrine changes. Nutritional factors can lead to changes in follicle and oocyte development, compromising or improving embryo quality or production, and pregnancy establishment.
Effects of excessive or inadequate energy intake
The negative effects of excessive energy intake associated with moderate to high body condition score (BCS $3.0, measured on a scale of 1-5) on oocyte and embryo quality and production are well described in cattle subjected to follicle aspiration for use in in vitro embryo production (Adamiak et al. 2005; Leiva et al. 2015; Sales et al. 2015) or in superovulated heifers or cows (Yaakub et al. 1999; Mollo et al. 2007; Bastos et al. 2009; Sartori et al. 2016) . Negative effects of overfeeding have also been associated with reduced pregnancy rates in sheep (Parr et al. 1987) . Below, we summarise data from some of these and other studies.
Bos taurus beef heifers (n ¼ 38 per group) weighing approximately 500 kg were offered 3 kg of concentrate plus ad libitum corn silage, or received ad libitum concentrate plus corn silage for 116 days (Yaakub et al. 1999) . Superovulated heifers fed the restricted compared with ad libitum diet had a 26% greater number of ovulations (15.5 vs 12. 3), a 46% greater number of ova or embryos recovered and much greater numbers of freezable (Grade 1 and 2; þ170%) and transferable (4.8 vs 2.8; þ71%) embryos per heifer. The number of large follicles, unfertilised ova or Grade 3-5 embryos was not affected by concentrate intake (Yaakub et al. 1999) . In contrast, in another study, superovulated Hereford Â Friesian heifers (n ¼ 12 per group, initial BCS 2.1) that were fed once (M) vs twice (2M) the maintenance diet for a 3-week period (Gong et al. 2002a) had a reduced superovulatory response (10.6 vs 18.1; À41%) and reduced numbers of small (2-4 mm diameter; À40%) and large (.9 mm; À42%) follicles. Oocyte or embryo quality was not evaluated in that study.
In another study (Adamiak et al. 2005) , beef Â dairy heifers (n ¼ 24; ,20 months of age) with low (2.0) or moderate (3.7) BCS were fed M or 2M in two periods (63 days each) with three ovum pick-up (OPU) sessions performed in each period. As the OPU sessions progressed, in vitro blastocyst yields decreased for heifers of moderate BCS fed at the 2M level relative to heifers of low BCS fed at the 2M level. That is, embryo production was negatively affected by overfeeding, but only in heifers with moderate BCS and not in heifers with low BCS. Moreover, blastocyst yields were lower for the two extreme nutritional combinations (i.e. heifers with low BCS fed the M diet or heifers with moderate BCS fed the 2M diet), whereas low BCS heifers fed the 2M diet had the greatest blastocyst yield (Adamiak et al. 2005) . In that study, circulating concentrations of insulin, leptin and IGF1 were positively correlated with BCS. When heifers with moderate BCS receiving the 2M diet were divided into two groups according to circulating insulin concentrations, namely normal (29.0 mIU mL À1 insulin) and hyperinsulinemic (58.0 mIU mL À1 insulin), it was possible to detect a negative effect of the hyperinsulinemic state (n ¼ 8 heifers) on the total number of oocytes matured and blastocyst production rate (from total structures cleaved) compared with normal circulating insulin (n ¼ 4 heifers; Adamiak et al. 2005) .
In contrast, results from a study performed in superovulated Bos indicus cattle (Bastos et al. 2007 ) did not corroborate the data presented above. Nelore beef heifers (n ¼ 36) with lower (2.7) or higher (3.7) BCS receiving the M or 1.8M diets for 14 days were superovulated (distinct diets were offered until the first FSH superstimulatory treatment) in a cross-over design. Differences were not detected for any of the reproductive variables evaluated, specifically the number of follicles at first FSH administration, the number of ovulations, the total number of ova or embryos collected or the number or percentage of viable embryos (P . 0.10).
In another study (Bastos et al. 2009 ), 14 non-lactating Nelore Â Simmental beef cows (BCS 4.0) were fed the M or 1.8M diet in a cross-over design. Diets were offered for 10 days (3 days before insertion of the progesterone (P4) device until the last FSH administration of the superovulation protocol). During the remainder of the experiment (until embryo flushing), a maintenance diet was offered to both groups. Ten days of high energy intake was enough to impair embryo production after superovulation, with the mean (AE s.e.m.) number of total recovered structures (14.1 AE 2.3 vs 9.5 AE 1.5; þ48%) and number of recovered viable embryos (10.1 AE 2.1 vs 6.7 AE 1.5; þ51%) significantly greater (P , 0.05) for cows fed the M than 1.8M diet. The number of follicles at the time of the first and last FSH treatments was similar between treatments.
In order to evaluate the interaction between energy intake and circulating LH, Bender et al. (2014) enrolled highproducing lactating Holstein cows (n ¼ 16) in an experiment with a 2 Â 2 factorial design with two levels of energy intake (ad libitum or 25% feed restriction) and two levels of LH content in the superstimulatory FSH preparation (low or high LH). Cows underwent ovarian superstimulation using 4 days of FSH treatment with subsequent superovulation, and uterine flushing of embryos 7 days after AI. All cows received all four treatments using a complete Latin-square design with 28-day periods between superovulations. Experimental diets were offered only during the superstimulatory protocol period. Bender et al. (2014) concluded that there is an ideal range of LH exposure during a superstimulatory protocol that may vary according to the metabolic state of the cow: some LH stimulation is necessary for feed-restricted cows or, alternatively, cows with ad libitum intake should receive less supplemental LH. These conclusions are supported by an interaction detected between feed restriction and the amount of LH during the superstimulation protocol on the number of degenerate embryos and on the percentage of quality Grade 1 or 2 embryos . Sales et al. (2015) corroborated the data described by Adamiak et al. (2005) in relation to the negative effect of overfeeding duration on in vitro embryo production in B. indicus, but not in B. taurus, non-lactating dairy cows. Holstein (n ¼ 14) and Gyr (B. indicus; n ¼ 14) cows, with a mean (AE s.e.m.) BCS of 3.2 AE 0.4 (range 2.75-3.75), were fed M or 1.7M diets. Each cow underwent nine OPU procedures 14 days apart. Qualitative and quantitative oocyte variables were not affected by diet. The number of visible follicles between the first and last OPU sessions was also similar. Although in vitro embryo production was similar between diets, B. indicus cows receiving the 1.7M diet had reduced in vitro embryo production after $60 days of treatment and reduced relative abundance of transcripts related to cellular stress and metabolism. Moreover, regardless of genetic group, overfed cows had greater insulin resistance based on a glucose tolerance test (GTT) performed at the end of the experimental period (Sales et al. 2015) .
Some authors (Adamiak et al. 2005; Sales et al. 2015; Baruselli et al. 2016) have suggested a link between insulin resistance and poor oocyte competence and reduced fertility. Leiva et al. (2015) observed a state of insulin resistance in overfed lactating dairy cows (mean (AE s.e.m.) BCS 3.0 AE 0.1), which also had lower in vitro embryo production compared with cows consuming adequate energy levels. In that study, although chromium propionate supplementation (at amounts recommended by the manufacturer, namely 2.5 g per cow daily of KemTrace 0.4% Cr (Kemin Agrifoods South America), with 10 mg Cr per cow daily) alleviated insulin resistance in overfed cows, embryo production did not benefit. In a recent study from our group, Holstein dairy cows with greater days in milk (150 vs 100 or 50) had insulin resistance, based on a GTT, but oocyte quality was not affected . Therefore, the link between insulin resistance and poor oocyte quality has been advocated but has not been consistently observed during experimental evaluations of oocytes following OPU. Nevertheless, it is important to acknowledge that subjective morphological evaluation of oocytes may not reflect the potential damage caused by insulin resistance in ruminants. Moreover, oocytes from small-to medium-sized follicles may not be as affected by nutrition or metabolic status of the cow, whereas more marked nutritional effects may be observed in oocytes from preovulatory follicles or during early embryonic development in vivo.
Consistent with this idea, there were clear differences in nutritional effects on cows subjected to OPU and in vitro production (IVP) of embryos compared with superovulation and in vivo development of embryos during a recent study from our laboratory (R. Sartori, A. B. Prata and R. S. Surjus, unpubl. obs.). In that study, a complete Latin-square design was used with individual feeding of 32 non-lactating Nelore cows with an average BCS of 3.3 with four distinct diets over four 42-day periods ( Fig. 1) . Near the end of the feeding period, all cows were subjected to OPU and IVP (30 days of diets) and were subsequently superovulated to evaluate the effects of diets that could be observed on oocytes collected from small follicles (OPU and IVP) compared with later follicle development, ovulation and early embryo development in vivo. Cows were randomly divided into four groups: the M, 0.7M and 1.5M groups (which were fed the same total mixed ration, but distinct feed intake) tested the effects of energy intake, but confounded with DM intake. The fourth group had a high-energy content diet (E; 1.5M) but with DM similar to the M group. Thus, all cows went through all treatment groups (n ¼ 32 per group) and both types of embryo production systems (Fig. 1) .
Embryos (n ¼ 274 vitrified embryos) were subsequently transferred to evaluate the effects of in vivo treatments on subsequent pregnancy per fixed-time embryo transfer (P/ET) in Nelore recipients. As expected, preprandial circulating insulin measured from blood collected on Day 32 (at the onset of superstimulation treatments) was significantly (P , 0.05) greater in the E group compared with the 0.7M and M groups (8.7 AE 0.9 vs 4.6 AE 0.9 and 5.3 AE 0.85 mIU mL À1 respectively), but did not differ from that in the 1.5M group (6.6 AE 0.9 mIU mL À1 ). Superovulation (as determined by the number of corpora lutea (CL)) was less in donors fed the E diet compared with cows receiving the standard (0.7M, M and 1.5M) diets (9.7 AE 1.2 vs 13.0 AE 1.3, 14.2 AE 1.2 and 13.9 AE 1.2 respectively), with a negative correlation between circulating insulin and CL number (r ¼ À0.32; P , 0.05). Nevertheless, there was no difference between groups for number of ova or embryos (,6), viable embryos (,3) or freezable embryos (,2.7). Regardless of treatment, circulating insulin was negatively correlated with the number of viable embryos (r ¼ À0.22; P , 0.05). There was a lower P/ET at 60 days in the 97 cows receiving embryos from donors fed the E diet (29.4%) compared with the 177 cows receiving embryos from donors fed the standard (0.7M, M or 1.5M) diet (43.3%). Moreover, probability of P/ET at 60 days, evaluated by logistic regression, decreased as circulating insulin concentrations of donor cows increased from 0.64 to 25.0 mIU mL
À1
. Therefore, high circulating insulin in the donors was associated with a reduced superovulatory response, fewer viable embryo, and poorer P/ET at 60 days.
In the same study (R. Sartori, A. B. Prata and R. S. Surjus, unpubl. obs.), for IVP, cows with low energy intake (0.7M) differed significantly (P , 0.05) from cows fed the M or E diets, but not those fed the 1.5M diet (which exhibited intermediate values), with more oocytes recovered (23.0 AE 2.3 vs 20.2 AE 2.0, 21.5 AE 2.2 and 20.1 AE 2.0 for the 0.7M, M, 1.5M and E groups respectively) and a greater number of viable oocytes per OPU (17.0 AE 1.9 vs 14.4 AE 1.6, 15.7 AE 1.7 and 14.1 AE 1.6 for the 0.7M, M, 1.5M and E groups respectively). Although the number of cleaved oocytes per OPU was also significantly (P , 0.05) greater in cows fed the 0.7M diet compared with the M diet (13.4 AE 1.7 vs 10.7 AE 1.4, 12.6 AE 1.6 and 11.7 AE 1.5 for the 0.7M, M, 1.5M and E groups respectively), the study did not detect an effect of diet on the number (6.9 AE 0.9 vs 5.4 AE 0.8, 5.9 AE 0.8 and 6.6 AE 0.9 for the 0.7M, M, 1.5M and E groups respectively; P . 0.10) or percentage (30.6% vs 31.9%, 31.1% and 34.0% for the 0.7M, M, 1.5M and E groups respectively; P . 0.10) of blastocysts produced in vitro. Moreover, regardless of treatment, cows with plasma insulin concentrations below the 5.6 mIU mL À1 median value (mean (AE s.e.m.) concentration of 3.1 AE 0.8 mIU mL À1 ) had similar (P . 0.10) results to cows with circulating insulin above the median value (mean (AE s.e.m.) concentration of 9.7 AE 0.2 mIU mL À1 ) for all variables analysed, including blastocyst rate (24.6% vs 25.9%) and P/ET (31.2% (69/221) vs 33.3% (71/213)) at 30 days. Thus, negative effects of high energy appear to be exerted at the later stages of follicle development or during early embryo development and not during the early stages of follicle development, because high energy negatively affected embryo production and quality in cows that were superovulated and underwent in vivo embryo production, but not in the case of oocytes collected from small follicles. Parr et al. (2015) developed a differential feeding model in heifers (mixed breed) to evaluate the concurrent and carryover effects of reduced energy intake before insemination on pregnancy per AI (P/AI). Two experimental groups were created, namely control feed (CF; 1.3M for 50 days followed by 2M for 83 days; n ¼ 68) and feed-restricted (FR; 0.65M for 50 days followed by 2M for 83 days; n ¼ 88) groups. Heifers were inseminated on Day 50, aborted after diagnosis 30 days later and then resynchronised and re-inseminated at Day 93. For the Day 50 AI, P/AI was similar between FR and CF heifers. However at the Day 93 AI (all heifers fed 2M for 40 days), the P/AI of CF and FR heifers were 64% (39/61) and 82% (65/79) respectively (P ¼ 0.01). That is, although there was no detectable effect of underfeeding on fertility immediately after underfeeding, it seems that previous underfeeding actually improved later P/ AI, after restoration of high feed consumption. Parr et al. (2015) indicated that these results challenge the frequently proposed hypothesis that low P/AI in cows is caused by a previous negative energy balance (NEB) that occurred during early lactation. The follicles that ovulated at the Day 93 AI would be expected to be at early stages of follicle development during the period of dietary restriction, with exposure to elevated nonesterified fatty acids (NEFA) and other metabolic changes associated with NEB. Thus, that study could find no evidence of a negative carryover effect of NEB on P/AI (Parr et al. 2015) .
In contrast with the negative effects of excessive energy intake in beef heifers, non-lactating beef cows or in dairy cows later in lactation, a more profound NEB soon after calving has been postulated to result in poor reproductive performance. To test this idea, Carvalho et al. (2014) assessed the relationship between energy status and fertility in dairy cattle in a retrospective analysis. Cows (n ¼ 1103) with higher BCS ($2.75) at AI had greater P/AI than cows with lower BCS (#2.5; 49.2% vs 40.4% respectively; P ¼ 0.03). However, a much greater effect on fertility was found related to changes in BCS from calving to Week 3 post partum (n ¼ 1887 lactating Holstein cows). The P/AI was much greater for cows that gained BCS, intermediate for cows that maintained BCS and lower for cows that lost BCS (P/AI 78.3%, 36.0% and 22.8% respectively; P , 0.001). In a third experiment from Carvalho et al. (2014) , bodyweight change was evaluated during the first 9 weeks after calving. Cows were divided into quartiles (Q), based on percentage of bodyweight loss (Q1 ¼ least change; Q4 ¼ most change) from calving until the third week postpartum, and superovulated to evaluate the quality of embryos that were produced (n ¼ 66 cows evaluated, 70 days in milk; 572 embryos evaluated). There was no difference in the number of ovulations, total embryos or ova recovered or fertilisation rate; however, there was a marked difference in the quality of embryos, with cows in the quartile with greatest bodyweight loss (Q4; ,8% bodyweight loss) having much poorer embryo quality than the other groups (e.g. 53.2% vs 82.6%, 75.2%, and 83.8% viable embryos in Q4, Q3, Q2 and Q1 respectively; P ¼ 0.04). Thus, NEB during the early post partum period, as determined by BCS loss or bodyweight loss, resulted in greatly reduced P/AI that was already apparent by Day 7 of embryo development in lactating dairy cows.
Effects of concentrate source
Ruminants live in symbiosis with a complex ecosystem hosted in their first digestive compartment, which enables them to benefit from non-digestible dietary compounds (Bravo and Wall 2016) . The characteristics of the feed and consequent population of micro-organisms inhabiting the rumen lead to differences in the ratio of acetate : propionate and the amounts of other volatile fatty acids produced (Salyers 1979; Ben-Ghedalia et al. 1989) . These changes can alter circulating metabolites and circulating hormones, which could potentially have effects on reproductive tissues (Smith et al. 2006) . Although metabolic differences exist when distinct sources of concentrates are fed, few studies have tested their effects on embryo production.
B. taurus beef heifers (n ¼ 37) fed citrus and beet pulp concentrate for 116 days produced a greater (P , 0.05) number of freezable (Grades 1 and 2) and transferable (Grades 1-3) embryos than heifers offered barley concentrate (Yaakub et al. 1999) ; the superovulatory response was not affected. The authors attributed this effect to the difference in the patterns of ruminal fermentation between citrus and beet pulp concentrate and barley concentrate and the possible differences in circulating insulin caused by different diets, assuming that barley increases insulin release due to increased ruminal production of propionate (Yaakub et al. 1999) . Data for freezable (Grades 1 and 2) embryos from Yaakub et al. (1999) were analysed in another study that demonstrated that the type of concentrate can also lead to metabolic and molecular changes in the embryo (Wrenzycki et al. 2000) . However, recent unpublished data (C. Spies and R. Sartori) from a controlled study by our group show different results than those ones reported above. Non-lactating Holstein cows (n ¼ 22) were fed maintenance diets (DM 1.3% of bodyweight) based on a diet that was approximately 65% ground corn or approximately 65% ground citrus pulp fed for two 70-day periods. The objective of the study was to analyse the effect of different concentrate source, and consequently different circulating insulin concentrations, on embryo production. In total, four superovulations were performed: two per period, 35 days apart. Although diets were effective in altering circulating insulin (15.8 vs 11.5 mIU mL À1 insulin in the ground corn vs ground citrus pulp groups respectively; P , 0.01), the superstimulatory and superovulatory responses were not affected by treatments. Embryo production was also similar between diets. It is important to note that this was a cross-over study (in all, 88 superovulations were evaluated) that was conducted during winter and spring. Unfortunately, embryos from that study were not transferred to evaluate whether there were differences in embryo quality that could not be detected by stage or gross morphology.
Diets that stimulate insulin production soon after calving have been postulated to have a positive effect on ovarian status with an early time to first ovulation in dairy cows that received an insulinogenic diet during the first 50 days of lactation (Gong et al. 2002b) . However, maintenance of cows on these diets for a long period of time may reduce fertility. Garnsworthy et al. (2009) conducted a study with 60 Holstein dairy cows offered lipogenic or insulinogenic diets from calving until the first increase in milk P4 and then half the cows from each treatment were switched to the other treatment. Insulinogenic diets offered during the first days after calving followed by a diet to induce relatively low insulin concentrations because of its lower starch and higher fat content (lipogenic) during breeding time did not affect days to first P4 rise, first oestrus or first insemination, but positively affected pregnancy to first post partum AI and to all inseminations before 120 days post partum. However, because of the small number of cows in that study, other studies are warranted to confirm these results.
Role of P4 on oocyte quality and embryo survival
Circulating P4 concentrations near the onset of a fixed-time AI (FTAI) protocol and on the day of AI can predict the success of an FTAI program (Monteiro et al. 2015) . Moreover, according to Rivera et al. (2011) and Nasser et al. (2011) , high circulating P4 during the development of superstimulated follicles improves subsequent embryo quality, possibly due to improvements in oocyte quality in the superovulated follicles. This positive effect of elevated P4 on subsequent fertility has also been observed during development of a preovulatory follicle of a natural cycle . However, on the day of AI, it is desirable to have very low circulating P4 (Waldmann et al. 2001) , followed by an increase and high circulating P4 concentrations during the development of the embryo to ensure pregnancy establishment (Stronge et al. 2005; Wiltbank et al. 2012) . According to Lonergan (2011) , P4 also affects endometrial function, pregnancy recognition and uterine receptivity for implantation.
Dairy cows experience greater liver blood flow and, consequently, greater steroid clearance after high DM intake (Sangsritavong et al. 2002; Vasconcelos et al. 2003) . Manipulation of the diet can substantially alter circulating P4 concentrations. For example, feeding multiple meals during the day (Vasconcelos et al. 2003) and feeding restricted diets (Ferraretto et al. 2014 ) was found to prevent the reduction in circulating P4 concentration that normally accompanies greater feed intake.
In a study from our group (C. Spies and R. Sartori, unpubl. obs.) non-lactating Holstein dairy cows were superovulated and fed maintenance diets based on ground citrus pulp or ground corn. Just before feeding, circulating P4 concentrations were greater in the ground citrus pulp group than in the corn group (18.3 AE 2.1 vs 13.2 AE 1.8 ng mL À1 respectively; P , 0.01). However, 4 h after feeding, the increase in circulating P4 concentrations was greater in the corn group compared with the citrus pulp group (27% vs 7% respectively; P , 0.01). Because the ground corn group had greater basal circulating insulin, we speculate that there may be a positive effect of insulin on luteal steroidogenesis soon after feed intake, and this could explain the greater postprandial rise in circulating P4 concentrations in cows in the ground corn group.
Circulating P4 concentrations were also greater in nonlactating and non-pregnant multiparous Nelore cows (Cooke et al. 2014) , in non-lactating and non-pregnant ovariectomised Gyr Â Holstein cows (Lopes et al. 2009 ) and in non-pregnant lactating Holstein dairy cows (Reis et al. 2012 ) receiving supplementation of polyunsaturated fatty acids (PUFA) compared with controls. Fig. 2 presents a summary and a speculative overview of the effects of DM and energy intake on reproduction in beef and dairy cattle.
Effects of fat supplementation on reproduction
Rumen-protected (RP) fat supplementation is largely used as a strategy to improve energy density of the diet many times during the post partum period (Rodney et al. 2015) . Fat supplementation can improve milk yield, depending on the fat source, and ameliorate metabolic status (Reis et al. 2012; von Soosten et al. 2012) . Regarding reproduction, studies with different sources of fat have produced contradictory results related to follicle size, CL size, circulating steroid concentrations, oocyte and embryo quality or lipid composition and conception rates (Leroy et al. 2008) . Nevertheless, the knowledge generated through numerous studies has identified specific fatty acids (FA) potentially involved with positive effects on fertility and the related feeding strategies that may achieve better reproductive performance, as described below.
A meta-analysis from Rodney et al. (2015) , involving data from 17 studies, supports the idea that inclusion of by-pass lipids enriched in PUFA in the diet during the transition period of lactating dairy cows improves fertility by reducing the calving to pregnancy interval and increasing the risk of pregnancy by 27%.
The effect of sunflower seed (rich in linoleic acid) supplementation on pregnancy rate was tested by Cordeiro et al. (2015) . Nelore sucked cows were synchronised for FTAI and then allocated to one of two groups for 22 days: sunflower seed supplementation (n ¼ 66) or control (soybean meal and corn; n ¼ 67). P/AI on Day 30 was greater (P , 0.05) for cows in the sunflower group than in the control group (66.7% vs 47.8% respectively). Circulating P4 concentrations were similar between groups and circulating cholesterol concentrations were greater in the sunflower group on Day 21 (Cordeiro et al. 2015) . Lopes et al. (2009) also reported positive effects of RP PUFA on reproduction. Lactating primiparous Nelore heifers (n ¼ 910) supplemented from the beginning of an FTAI protocol until 28 days after AI had greater P/AI compared with the control group (51.2% vs 39.6% respectively; P ¼ 0.04). When multiparous Nelore cows (n ¼ 504) were assigned to receive PUFA or a similar supplement containing an RP saturated FA for 28 days beginning after FTAI, P/AI was 47.9% compared with 35.5% in the RP saturated FA group (P ¼ 0.02; Lopes et al. 2009 ). The same positive effect of PUFA was observed after fixed-time embryo transfer (FTET) in Nelore heifers (n ¼ 217). Heifers supplemented with sunflower seed for 22 days starting 2 days before expected ovulation had greater P/ET than non-supplemented heifers (55.7% vs 36.9% respectively; P , 0.05). Sunflower seed modulated circulating lipid concentrations and P4, cholesterol and high-density lipoprotein concentrations were greater for supplemented heifers (Cordeiro et al. 2015) . Positive effects of fat supplementation on embryo quality in Holstein cows (Cerri et al. 2009 ) or on FTET in Nelore cows (Lopes et al. 2009 ) have also been reported. González-Serrano et al. (2016) reported that supplementation of conjugated linoleic acid (CLA) or stearic acid for 75 days to heifers (n ¼ 84) changed the lipid profiles of different physiological compartments (i.e. blood, follicular fluid, oocytes and early embryos). Changes in lipid profile were also reported by Cooke et al. (2014) . Calcium salts of soybean oil (CSSO, Megalac-E, Elanco Saúde Animal) vs control (kaolin) were offered to 90 Nelore cows for 18 days following AI with the aim of identifying any differences in reproductive tissues and conceptuses. No differences were detected in the proportion of cows with a conceptus on Day 19 after AI (12/18 and 11/18 in the CSSO and control groups respectively; P ¼ 0.73). Conceptus dimensions and expression of genes associated with pregnancy establishment were also similar between treatments. However, fat-treated cows had greater concentrations of linoleic acid and PUFA, a higher n-6 : n-3 (omega 6 : omega 3) ratio, higher total n-6 FA and higher total identified FA in the plasma, endometrium and CL (P # 0.05 for all). Conceptuses from fatsupplemented cows had greater (P # 0.05) concentrations of stearic acid, total saturated fatty acids and eicosadienoic, arachidonic and adrenic acids (P , 0.05 for all) and tended to have greater concentrations of linoleic acid and eicosapentaenoic acid and a higher v-6 : v-3 ratio (P ¼ 0.08) compared with conceptuses from control cows. Plasma P4 concentrations and CL volume on Day 7 were greater in fat-treated cows (Cooke et al. 2014) .
In contrast, in a cross-over study involving 40 Nelore heifers kept in pasture, RP PUFA (predominantly linoleic acid; Megalac-E) or a control fat-free supplement (with extra corn) was offered for two 70-day periods (Guardieiro et al. 2014) . After 50 days feeding, heifers were superovulated. Fat supplementation did not improve embryo production or embryo quality, but compromised the cryotolerance of conventionally frozen or vitrified embryos. Hatching rates and mean developmental stage of embryos were greater for the control group at 48 and 72 h of in vitro culture than for the fat-supplemented group (Guardieiro et al. 2014) .
Concluding remarks
The causes of impaired oocyte quality and embryo production have still not been completely elucidated. It is known that there is a positive correlation between the level of feed intake and circulating insulin. However, hyperinsulinaemia per se is not the only factor that compromises fertility in females with high feed intake and high BCS. The negative effects of high feed or energy intake on reproductive performance may be related to increased circulating insulin concentrations, but also may involve other hormones and metabolites, as well as increased liver blood flow and the resulting increase in steroid metabolic clearance rate. Overview of the main effects of high dry matter or energy intake on reproductive variables according to body condition score (BCS) and physiological and metabolic status. Nutrition can affect the hypothalamic-pituitary-gonadal axis through insulin, insulinlike growth factor (IGF) 1 and leptin, altering the production or action of hormones such as progesterone, oestradiol, FSH or LH. High planes of nutrition for dairy cows soon after calving are positively related with a return to cyclicity, but have detrimental effects on reproduction during mid-and late lactation due to increased liver blood flow and the consequent high metabolic clearance rate of steroid hormones. Females with high BCS tend to respond negatively to high dry matter intake. However, females with low BCS can benefit from high planes of nutrition. The fertility of beef cows and beef or dairy heifers benefit from high planes of nutrition after a period of food deprivation. IVEP, in vitro embryo production; OPU, ovum pick-up; P/AI, pregnancy per AI; VWP, voluntary waiting period; À, negative effects; þ, positive effects; DIM, days in milk.
The effect of overfeeding duration, genetic group, interaction with BCS and carryover effects must also be considered. Although feed restriction may be used as a tool to improve fertility in heifers or non-lactating cows, lactating cows appear to benefit from hyperinsulinaemic diets during the early post partum period. The effect of fat supplementation on reproduction is not completely defined and the data in the literature are somewhat contradictory. Fat supplementation after FTAI or FTET has been demonstrated to have positive results in some, but not all, studies. In contrast, there are data showing negative effects of fat feeding on the cryotolerance of in vivo-produced embryos.
Care should be taken to not extrapolate conclusions from one study to another regarding the effects of nutrition on oocyte or embryo quality because there are several variables involved, such as animal category, duration of feeding, types of diets or the physiological state of the animal. The most important experiments that need to be performed, but also the most difficult and expensive, are studies that not only evaluate the effect of nutrition on embryo quality, but also evaluate the subsequent effects, following embryo transfer, on pregnancy rates, pregnancy maintenance and offspring development.
